INTRODUCTION
Although bacteriologists had used dyes in selective media since 1902 when Conradi and Drigalski found that by adding gentian violet to lactose agar they could inhibit the growth of Grampositive fecal strains, it was not until ten years later that the theoretical aspects of the phenomenon were given careful consideration. Churchman in 1912 observed that the addition of dye might produce one or more of the following symptoms: "cessation of motility, genisistasis, inhibition of sporulation, suspension of animation." He coined the term "bacteriostasis" to describe this action which he recognized to be characteristic of treatment with suitable concentrations of a variety of toxic compounds.
Churchman concluded from his studies with gentian violet, that while about 90 per cent of the common Gram-positive organisms are inhibited by concentrations of 1: 100,000, only 10 per cent of the Gram-negative species are affected by this concentration of dye. These observations have been extended by many workers. Sartorius very carefully compared the behavior of members of the colon-typhoid-dysentery group and found that, even within a species, strains which were relatively sensitive to one basic dye were also relatively sensitive to other basic dyes.
Data presented by Quastel and Wheatley in 1931 , comparing the effect of dye-stuffs on the oxidation of a number of substrates by E. coli, and showing that basic but not acidic dyes were toxic to this mechanism, may be interpreted as confirmatory evidence.
This physico-chemical rationalization offers no satisfactory explanation for the fact that the Gram-positive anaerobes are commonly very dye-tolerant. It is contradicted by the fact that those species which are most sensitive to basic dyes are also most sensitive to acid dyes, and it offers no solution of several additional problems encountered in the experimental work described below.
Ren6 Dubos in 1929 studied the toxic effect of methylene blue and found that the dye system was reduced in certain media and that the reduced dye was no longer toxic. Since such a system would tend to poise the medium, Dubos concluded that the toxic action of methylene blue depended almost entirely on its ability to poise the oxidation-reduction potential at a point unfavorable for growth.
There figure 1 , that bacteriostatic concentrations of gentian-violet prolong the lag phase but do not modify subsequent growth. The rate of sugar destruction by these organisms was determined by the Stiles-Peterson-Fred (1926) modification of the Schaffer-Hartman method. These studies together with acidity curves and in the case of E. coli, gas ratios, confirmed the conclusions drawn from the growth curves, that the dye did not affect growth after logarithmic multiplication had been initiated.
II. Termination of the lag phase
If the dye abruptly loses its toxicity at the end of the lag phase, one of three things must have happened. Either the dye has been chemically modified or physically removed from solution, or the cells have undergone some transformation, or some other adjustment has been made which indirectly modifies the action of the dye on the cells.
By filtering out the cells at the beginning of the logarithmic phase, and inoculating the filtrate, one finds that the filtrate is approximately as toxic as the initial dye medium. Berkefeld filters are not suitable since they selectively adsorb basic dyes. has been reduced (the membrane is permeable to dye) but because cells in concentration have brought about local conditions which minimize dye action. In several cases if the sac was broken soon after logarithmic growth within had been achieved, no further multiplication ensued. This was performed with S. marcescens. Before breaking the sac the potential within fell to -0.18 volts (pH 6.7) to the normal hydrogen electrode. After mixing the contents with the outer medium, the potential was +0.21 volts (pH 6.7) and no subsequent reduction was observed.
LOGARITHM
This experiment indicates that "communal activity" which as Churchman pointed out (1921) , greatly modifies the bacteriostatic action of dyes, cannot be attributed solely to an adsorption of dye molecules or ions by the cells. The cells, when present in sufficient numbers, overcome the action of the dye by some other mechanism. Therefore the stoichiometric relationships alone do not determine the results.
IV. The effect of gentian violet on the oxidation-reduction potential Allyn and Baldwin in 1930 called attention to the importance of the oxidation-reduction potential in determining the length of the lag. Frazier and Whittier in 1931 concluded from their studies on growth of various organisms in milk that the beginning of the logarithmic growth phase practically coincides with a swift fall in potential. This was also observed in the course of these experiments, although occasionally the potential drop did not occur until several hours after the termination of the lag.
Invariably, agents which opposed the potential changes brought about by the inoculated cells in the early stages of growth prolonged the lag. Potentiometric studies were therefore undertaken to determine whether gentian violet could modify the oxidation-reduction potential and thus inhibit growth initiation.
A vacuum tube potentiometer similar to that described by Allyn and Baldwin in In so far as cells must adjust the potential before initiating growth, the presence of such a poising agent as gentian violet would tend to prolong the lag phase. Figure 3 illustrates the extent to which oxidized dye products maintain a high potential. It will be noted that the addition of peroxide brings about a high potential which is further increased in the presence of glucose. No explanation is offered for this fact which was repeatedly observed. Oxidized products are formed more readily in alkaline than in acid media. In N/100 NaOH, gentian violet 1: 10,000 is decolorized in air at room temperature within thirty minutes. In distilled water hydrogen peroxide 1: 10 requires about six hours to decolorize the dye, while in N/1000 HCI, superoxol 1:1 does not bring about decolorization in twenty-four hours. Reduced iron dust checks such decolorizations. The explanation of this relationship between reaction and oxidation may possibly be found in the following equation:
Gentian violet Leuco base
Alkali and oxygen lead to the formation of colorless compounds. Therefore gentian violet in alkaline media or at aerated surfaces may be in a very different state than in more acid media or at a more reduced oxygen tension. These facts must be taken into consideration in comparing the action of the dye at different hydrogen ion concentrations, or the dye-sensitivity of aerobic and of facultative bacterial species. However, the fundamental conclusion arrived at through these potentiometric studies, is that gentian violet in bacteriostatic concentrations acts as a poising agent and conceivably might inhibit growth through this mechanism. The following experiments were undertaken to determine whether this is indeed the case. V. Quantitative method for determining bacteriostatic action Methods of estimating the dye-sensitivity of a given organism in a given medium, by finding the lowest concentration of dye which inhibits growth, are unsatisfactory. The results depend on the size of the inoculum used, the time at which the observation is made, and the normal lag of the organism in the medium. Conflicting results are often due to variations in one of these factors. An index which is independent of all three was obviously desirable. In those cases where species of the same genus were compared by this method and by the older method which depended on observing the lowest concentration of dye which inhibited growth, it was generally found that whereas the older method differentiated quite clearly between the several species, their indices were the same. In such cases those strains which appeared more dye-tolerant by the older method exhibited a relatively short lag in both the control and the dye media. The older method, therefore, may be more useful in certain types of differential procedures but the differentiation is not based on any specific dye sensitivity. In studying the mechanism of dye action, the use of the older method introduces confusing sources of error. As stated in section II, all attempts to change the sensitivity of various strains were unsuccessful. Freshly isolated strains which appeared by the older methods to become more dye-tolerant exhibited a constant index. This work points to the stability of the property which might be termed dye-sensitivity. VII. The effect of the hydrogen-ion concentration on the dye index One of the factors which does affect the dye-index is the hydrogen-ion concentration. Typical results are given in table 2 for S. marcescers, an organism which was particularly responsive to these changes. Encapsulated organisms such as Rh. trifolii seemed much less sensitive to changes in pH; Rh. trifolii, on the other hand was particularly sensitive to potential changes such as will be discussed in section IX. As reported by Steam and Steam (1928) , gentian violet and basic fuchsin are more effective in alkaline than in acid solutions. However, it will be noted that acid fuchsin is also more effective in the more alkaline medium. Similar results were obtained consistently in the yeast-water and peptone media with various organisms. The experiments were then extended to include the following dyes: As has often been noted, the basic dyes were uniformly more toxic than the acid dyes. With the basic dyes the correlation between pH and dye-index was always striking whereas sometimes with the acid dyes there was little change of index with wide changes of hydrogen ion concentration. However, the acidic as well as the basic dyes were invariably more toxic in alkaline media.
Two differences between this technique and that employed by Stearn and Stearn in 1926 seemed significant. First, the most alkaline medium which they used with the acidic dyes was buffered at pH 7.1 which is about the optumfor growth of the organisms. Had they extended their observations as far from the optimum pH on the alkaline side as on the acid side, it is possible that their conclusions might have been modified. Second, they do not estimate the effect of the buffers on growth in the absence of dye, although this (pH 6.8) to the normal hydrogen electrode before logarithmic growth ensues. There is a consistent correlation between the potential adjustment required and the effectiveness of the dye. The greater the adjustment which must be made during the lag, the greater is the toxicity of the dye. However, in varying the nitrogen source in this manner, so many factors beside the oxidation-reduction potential are involved, that no definite conclusions can be drawn from these experiments alone.
IX. The effect of oxidizing and reducing agents on the dye index Potassium permanganate, hydrogen peroxide, cysteine and thioglycollic acid were used in adjusting the potential. Various combinations served to show that the observed inhibitions or stimulations were not due to the chemicals added but to the potentials which they produced. The potassium nitrate, peptone, and yeast-water media were used in each of these experiments. Observations were made on all the bacterial species listed in section VI. Two generalizations can be drawn from the data obtained. First, at the potentials most favorable for growth initiation, the dye is least toxic. In other words, at the potential which gives the steepest control line, the index is at a maximum. This is illustrated for Staph. aureus in table 4. Thioglycollic acid 1:2000 in the peptone-glucose medium used, produced a potential most favorable for growth initiation. These indices and all those which will be given in the course of this paper were obtained from actual graphs which confirm the straight line relationship. Preliminary observations of turbidity at different measured potentials indicated the optimum range. Dye-indices were then obtained at potentials above, below and within this range.
The second generalization shows even more unmistakably the inter-relationship between dye-action and oxidation-reduction potential. If distinctly inhibiting concentrations of oxidizing or reducing agents are used, as in figure 6 , the addition of dye will growth, counterbalance each other when so combined that their independent effects on the oxidation-reduction potential cancel each other, is a strong indication that they both affect growth through the oxidation-reduction mechanism.
X. The effect of oxidation and reduction of the dye molecule on its toxicity
Decolorization of gentian violet results in loss of toxicity if the product used is adjusted to the same potential as that of the 
Control
No dye ++++++++++++++++++ + = growth with 1:100 dilution of inoculum. ++ = growth with 1:1000 dilution of inoculum. +++ -growth with 1:10,000 dilution of inoculum. medium to which it is added. Water solutions of gentian violet 1:1000 were steamed with H202 or in air under alkaline conditions until decolorization had taken place, and the steaming was continued until the potential had fallen to its original value. Decolorized reduction products were obtained by treatment with reduced iron dust. Equal quantities of iron were added to two water solutions of gentian violet 1: 1000. One solution was held for twelve hours at 550C. where decolorization proceeded rapidly. The other was kept at 30C. and at the end of twelve hours no change in color was observed. Table 5 gives the data obtained with these various dye solutions. Three dilutions of a twentyfour-hour broth culture were used. The solution treated with reduced iron dust, but held at 30C. where reduction was prevented, controls any toxic effect which the iron dust might exert. It is difficult to know to what the discrepancy between these results and those which Steam and Steam reported in 1930 may be ascribed unless there was enough H202 and Zn used in treating their dye solutions to inhibit growth in the presence of the very slightly toxic dye products, although not sufficient to show up in their controls. These results indicate that where the dye is reduced, it loses its toxicity. Corroborative evidence is found in the fact that gentian violet may be added in concentrations up to 1: 100 to a fermenting culture of Cl. acetobutylicum without checking fermentation. In time the dye itself will be entirely and irreversibly decolorized, although for a short while after decolorization the color may be restored by heating in air. Decolorization by oxidation is a different phenomenon in that the products formed are often more potent than the oxidizing agent as was shown in figure 3 , and therefore the medium may be poised at a potential very unfavorable for growth. This effect is not brought out in table 5 since the solution treated with H202 was steamed until such products had been destroyed. It seems not unlikely that the greater potency of dye in alkaline media may be attributed to the facile production of such oxidation products. The decolorization at p1's above 8.2 is always apparent on incubation and such decolorized media are better poised against reduction with glucose or with thioglycollic acid than are more acid media in which no decolorization is evident. This holds for both acidic and bacic dyes.
XI. The effect of other poising agents on the dye-index If the hypothesis proposed is correct, it should be possible to differentiate between bacterial species with other poising agents than gentian_violet. This was found to be true for several dif&. ferent types, including acidic and basic dyes, quinhydrone and ferric salts, a fact which is not surprising when it is remembered that gentian violet exerted its poising action within rather wide limits. In one experiment dilutions of a saturated aqueous solution of quinhydrone were added to yeast-water media. A concentration of 1:1000 completely inhibited Str. lactis whereas 1: 10 was required in the case of E. coli. In another experiment, each of the organisms listed in section VI was studied in yeastwater at pH 6.0 with iron salts. The indices obtained with two of these, Str. lacti8 and E. coli are given in table 6. 'The effectiveness of the agent is seen to depend on the potential of the medium here as it did in the case of the dye. Evidently agents and that gentian violet may be beneficial in cases where it induces a more favorable potential, indicate that the bacteriostatic action of the dye is a function of its ability to poise the oxidationreduction potential of the medium. These facts do not exclude the possibility that stasis may also depend on the formation of un-ionized dye-protein complexes as proposed by Stearn and Stearn. There are, indeed, many reasons for believing this to be the case, especially since that hypothesis so attractively correlates the static behavior of most organisms with their staining and flocculation reactions. On the assumption that other acidic and basic dyes behave as'does gentian violet, it is interesting to consider the possible mechanisms involved in specific instances.
Basic vs. acidic dyes Basic dyes are uniformly more toxic than acidic dyes at ordinary hydrogen ion concentrations. Since all the evidence at hand indicates that the isoelectric point of the cell constituents which react with the dye-ions, is at a pH considerably lower than that of the media usually employed, basic but not acidic dyes would be effective through the formation of un-ionized dye-cell complexes. Acidic dyes would rely only on their poising action to inhibit bacterial growth, whereas basic dyes would affect cell activities through both mechanisms, and therefore would be expected to possess greater toxicity.
Effect of pH At very low pH's, acidic dyes could affect certain organisms through the formation of dye-cell complexes and at these pH's, basic dyes would be relatively ineffective. Stearn and Steam evidently extended their observations through this range. At somewhat higher pH's, the acidic dyes would lose their ability to form such complexes and from there on, as explained above, basic dyes would be more potent. As the medium becomes pro-gressively more alkaline, the formation of oxidized dye products would be favored, and the poising action of both dyes would be enhanced. Basic dyes in an alkaline medium would be more toxic than in a neutral medium due, both to the greater tendency to form cell complexes, and to the maintenance of higher oxidation-reduction potentials. Acidic dyes would have somewhat less tendency to form cell complexes, but would be more toxic as poising agents and therefore might, as observed, be more effective in alkaline than in neutral media.
Obligate aerobes These organisms are generally strongly Gram-positive and therefore should be paxticularly sensitive to basic dyes through the ready formation of dye-cell complexes as pointed out by Steam and Steamn. The bacteriostatic action of basic dyes in extremely high dilution is probably to be attributed almost entirely to this mechanism since the amount of dye required could have only a very slight effect on the oxidation-reduction potential. However, since these orgaisms initiate growth in the aerated surface layers of the medium where oxidation of the dye would be favored, and since they, as well as more anaerobic types may need to lower the potential, the poising action of added dyes may become an important factor, possibly the important factor in the case of the acidic dyes. The toxicity of acidic dyes does not increase to the same extent as does the toxicity of basic dyes in passing from facultative to obligately aerobic organisms. This might be explained on the assumption that the latter have their iso-electric point at a lower pH, and for this reason would be more sensitive to basic dyes, while the slightly greater toxicity of acidic dyes for this group can be ascribed only to their greater poising action in the presence of oxygen. However the fact noted by Churchman (1923) that these Gram-positive obligate aerobes are more sensitive to the bacteriostatic action of acidic dyes than are the facultative species might be interpreted to indicate the importance of the poising mechanism which would be more effective at the conditions under which the former initiate growth.
Obligate anaerobes With a few exceptions, these organisms, although not characterized by iso-electric points at high pH's, are extremely resistant to all dye action. There are several reasons for this. First, the media in which they are grown are commonly poised at low potentials by other constituents such as serum, liver, bile, etc., so that the poising action of the dye is not a limiting factor. In any event, the organisms are strong reducing agents themselves. The noted exception is Cl. tetani which is also exceptionally dyesensitive. Basic dyes, then, can act on these organisms only through the formation of dye-cell complexes. There is also the observation that these organisms will destroy the dye partially or completely. It must further be remembered that in many media the constituents added to insure anaerobiosis form complexes with the dye, removing it from solution.
Facultative organisms All of the factors discussed above enter into an explanation of the behavior of any one of these organisms. Their sensitivity in a given medium will depend partly on their iso-electric point, and partly on their reducing ability.
Very probably additional mechanisms will be discovered and used in explaining many of these relationships. There is, however, a decided value to be derived from traveling as far as possible in the direction which present hypotheses suggest. To quote William Blake: "If the fool would persist in his folly, he would become wise." SUMMARY 1. Bacteriostatic concentrations of gentian violet affect growth only during the lag phase.
a. Shown by growth curves. b. Shown by fermentation studies. 2. The dye must affect the cells indirectly through a mechanism which is adjusted during the lag phase.
a. Dye is unaltered at end of lag.
